Abstract South Chattanooga has been home to foundries, coke furnaces, chemical, wood preserving, tanning, and textile plants for over 100 years. Most of the industries were in place before any significant development of residential property in the area. During the 1950s and 1960s, however, the government purchased inexpensive property and constructed public housing projects in South Chattanooga. Many neighborhoods that surround the Chattanooga Creek were previous dumping grounds for industry. Polycyclic aromatic hydrocarbons (PAHs) comprised the largest component of the dumping and airborne industrial emissions. To address human exposure to these PAHs, a broad study of South Chattanooga soil contaminant concentrations was conducted on 20 sites across the city. Sixteen priority pollutant PAHs were quantified at two depths (0-10 and 10-20 cm) and compared against reference site soils, as well as to soils from industrially impacted areas in Germany, China, and the USA. From these data, the probability that people would encounter levels exceeding the United States Environmental Protection Agency (USEPA) residential preliminary remediation goals (PRG) was calculated. Results indicate that South Chattanooga soils have relatively high concentrations of total PAHs, specifically benzo[a]pyrene (B[a]P). These high concentrations of B[a]P were somewhat ubiquitous in South Chattanooga. Indeed, there is a high probability (88 %) of encountering soil in South Chattanooga that exceeds the USEPA PRG for B[a]P. However, there is a low probability (15 %) of encountering a site with ∑PAHs exceeding USEPA PRG guidelines.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants in the environment. Anthropogenic sources of PAHs include the burning of fossil fuels, coal production, oil manufacturing, oil spills, wood preservation (creosote), tobacco smoke, and various forms of cooking. Natural sources include volcanoes and forest fires (Fouchecourt et al. 1999) . Of the hundreds of known PAHs, 16 have been designated high priority pollutants by the Environmental Protection Agency (USEPA); they include naphthalene (NAP), acenaphthylene (ACY), acenaphthene (ACE) These 16 PAHs are of environmental concern because of their potential toxicity in humans and other organisms and their prevalence and persistence in the environment. Several PAHs are probable or known carcinogens (IARC 2006) .
The tendency for PAHs to bind to particulate matter (Means et al. 1980; Doick et al. 2005 ; O'Halloran 2006) allows them to be transported by air and water and settle out in soil and sediments (Witt and Siegel 2000; Witter et al. 2003) , which serve as contaminant sinks (O'Halloran 2006) . Polycyclic aromatic hydrocarbons can accumulate to dangerous levels near their industrial sources. Over 800 hazardous waste sites have reported an elevated presence (above natural background) of PAHs (HAZDAT 2007) .
One area affected by industrial contamination of PAHs is the watershed of Chattanooga Creek. Chattanooga Creek flows northward through Chattanooga, TN (Hamilton County), before its confluence with the Tennessee River. This area of the city is both industrial and residential. For many decades, the creek and its banks received industrial effluent and waste from several facilities (Dynamac Corporation 1991) . One facility, the Tennessee Products site (TP), was located adjacent to Chattanooga Creek. The company used the creek to dispose of coal tar and coal tar pitch (Weston, Inc. 1999) . In 1997, the non-time-critical remediation of Chattanooga Creek began. This remediation was known as phase I, where a 1-mile stretch of creek was dredged and approximately 25,300 cubic yards of coal tar deposits and contaminated sediments were removed from the creek (USEPA 2007) . Phase I was completed in November 1998. The second non-time-critical remediation (phase II) began in 2005 and was completed in late 2007. The portion of the creek downstream of the phase I remediation, approximately 1.5 miles, was dredged and the contaminated sediments removed (USEPA 2007) .
Reuse plans for the creek have been developed by the community and the Trust for Public Land (TPL) with the aid of an USEPA Superfund Redevelopment Initiative (SRI) grant awarded to the City of Chattanooga (TPL 2002) . The likely plan includes the construction of a greenway along the creek, which would connect the neighborhoods and offer recreation and exercise opportunities for the residents. Health concerns remain because the floodplain soil was not remediated and seasonal flooding can redeposit any lingering contamination on the banks and throughout the neighborhoods. It is possible the reuse plan could increase the potential for contact with the contamination and the increased risk of exposure has not been addressed.
One way to evaluate the current contamination levels is to compare the values to the guidelines for residential soil offered in the residential preliminary remedial goals (PRG) from USEPA Region IX. The values are based on exceeding a cancer risk of one in a million (10 −6 ; Table 1 ). Though the PRGs are not considered regulatory, they are useful for determining the potential for risk (Hensley et al. 2007; Weinstein et al. 2010) . Residential soils exceeding the PRGs may pose elevated exposure risks to humans. In human health risk assessment, media concentrations can be converted to weighted values that better represent the potential for risk. Determining the carcinogenic potential or hazard of PAHs in combination can be very complex. In order to simplify determining the carcinogenic hazard associated with these combinations, the toxicity equivalency factor (TEF) methodology was developed. Toxic equivalency factors may be applied to the assessment of carcinogenic hazards from oral exposure (USEPA 1993) . The approach assigns TEFs to compounds based on estimates of their relative toxicities compared to a reference compound, which in the case of PAHs, is the known human carcinogen B[a]P (Table 1, Nisbet and LaGoy 1992; USEPA 1993; Chun-The et al. 2003) .
The TEF method has been used to calculate the carcinogenic potential of each carcinogenic PAH (cPAH) and combination present at National Priority List (NPL) sites (Nisbet and LaGoy 1992) . Using USEPA-derived TEF values, concentrations of cPAHs are converted to an equivalent concentration of B[a]P mixtures (USEPA 1993) . Again, the TEF values are an estimate of the relative carcinogenicity of a chemical compared to B[a]P. Benzo[a]pyrene was chosen as the reference compound because its risk as potential human carcinogen is well characterized (DHHS 2011) and highest among PAHs. The cPAH toxicity equivalent of B[a]P is determined by multiplying the concentration of each PAH in a mixture by its corresponding TEF value, also known as the toxicity equivalent concentration (ATSDR 1995a). The B[a]P equivalencies of each PAH are then summed to obtain the total amount of risk attributed to all cPAHs present on-site (USEPA 1993) .
The objective of this study is to characterize the extent of contamination of the USEPA's 16 high priority PAHs and associated ΣTEFs across South Chattanooga. The locations across South Chattanooga were selected based on public use and proximity to Chattanooga Creek.
Materials and Methods

Solvents and Standards
Acetone and hexane were ACS reagent grade (Fisher Scientific) [a,h] anthracene (99.5 %) were purchased from AccuStandard (New Haven, CT, USA). Naphthalened8, acenaphthene-d10, phenanthrene-d10, chrysened12, and perylene-d12 were used as internal standards (2,000 μg ml −1 each; Supelco, Bellefonte, PA, USA).
Sampling Sites
Twenty sites were selected across South Chattanooga based on public use and proximity to Chattanooga Creek (Fig. 1) . Nine of these sites were within the 100-year floodplain of Chattanooga Creek, 11 were not. . The method was validated by preparing five Soxhlet extractors with soil that was fortified at the second lowest reporting value and processed as stated above. Method soil extraction blanks (using previously Soxhlet-extracted soils) were extracted at minimum every 10 samples. Method solvent blanks were extracted at minimum every 15 samples. The frequency of the latter was dependent on the use of recently opened solvent containers.
Soil dry weights were determined with three replicates for each sample of approximately 1 g wet weight (±0.0001 g) in pre-weighed aluminum weigh boats. Soils were placed in a 105°C oven for 48 h. Soils were cooled to room temperature and weighed again. Percent dry weights were determined by the following equation:
Samples were analyzed on a Varian 3400CX gas chromatograph (GC) coupled with a Saturn 2000 iontrap mass-spectrometer (MS) (Varian, Walnut Creek, CA, USA). Separation of the compounds was achieved with an Rxt®-5Sil MS (30 m, 0.25 internal diameter, 0.25 μm film thickness) capillary column (Restek, Bellefonte, PA, USA). Injection volume was 2 μl (CombiPal; LTC Analytics, Switzerland) with the inlet in splitless mode. The inlet was set at 270°C, the transfer line at 280°C, the trap at 200°C, and the manifold at 80°C. The initial oven temperature was 50°C with a hold time of 2 min, then programmed to 160°C at 20°C/min, then to 210°C at 15°C/min, and then to 320°C at 5.5°C/min with a 3-min hold time. Total run time was 33.83 min.
There was a filament delay on the mass spectrometer for 6.0 min, after which the GC/MS was in full scan electron impact mode (70 eV), scanning from 45 to 300 amu. Scan time was 2 μscans which translated into 0.57 s for a full scan (45 to 300 amu). The filament emission current was set at 25 μA. The electron multiplier offset was set at +200 V. The instrumental detection limit for all 16 compounds was obtained when all compounds had a signal to noise ratio of 3-5.
Instrument calibration was achieved with seven calibration standards: 0.01, 0.05, 0.1, 0.5, 0.75, 1.0, and 2.5 μg ml −1 with peak area as the measured response calibration and quantitation used the ratio of the IS response to the target compound response to correct for any instrumental deviations. Quantitation relied on the Varian GC/MS Workstation software operating in selected ion extraction mode using two to three major ions per compound. Additionally, intermittent (mid-range) standards were run every three to five samples to confirm the instrument's accuracy within ±15 % of the known concentration. If any compound was beyond this range, the instrument was recalibrated and all samples after the last accurate standard were reanalyzed.
Statistical Analysis
Concentrations varied by several orders of magnitudes across the sites. As a result, prior to statistical analysis, data were normalized by taking the natural log of the concentrations and adding one. Two-way ANOVA was performed testing the effect of site and depth on concentration and a one-way ANOVA was performed testing the effect of site when depths were separated and were carried out with SYSTAT® 12 (San Jose, CA, USA). A one-tailed Dunnett's test was performed on both 0-10 and 10-20 cm layers to identify which sites were significantly greater (p00.05) than the reference site (SYSTAT® 12; Zar 1999) . A Scheffé's post hoc test was performed between the 100-year floodplain sites (n09) and non-floodplain sites (n011) at a one-tailed p value of 0.05 (Zar 1999) .
Results and Discussion
Methods Validation
The final GC temperature program was set when baseline (or 100 %) separation of most compounds was achieved. In general, resolutions greater than 1.0 are considered adequate separation, although greater than 1.5 is preferred (Górecki 2006 (Górecki 2006) . The extraction method percent recoveries and coefficients of variation are shown in Table 2 . None of the data was corrected for their percent recoveries. Pyrene had the lowest recovery at 67.4 % (±5.0) and B[a]A had the highest at 94.5 % (±8.8). Eleven of the 16 PAHs had extraction recoveries greater than 80 %. Also of significance is the relatively low coefficient of variations demonstrating the precision of the method.
Contamination Across South Chattanooga
Individual mean PAH concentrations, ΣPAHs, and ΣTEFs for each sampling site are given in Tables 3  and 4 for 0-10 and 10-20 cm layers, respectively. The values are reported on a dry-weight basis. To decrease the reporting of false-positive results due to the varying soil composition throughout South Chattanooga, the reporting limits (RL) were set at five times the instrumental detection limits. The RL was 0.05 mg kg −1
. Concentrations ranged over several orders of magnitude. Initially, a two-way ANOVA (p00.05) was performed on the data testing the effect of site and depth and an interaction of the two ∑PAH concentrations. There was no significant interaction of site and depth (p00.951); however, there was a significant effect of depth on concentration (p00.009), so the depths (0-10 and 10-20 cm) were treated separately. One-way ANOVA was performed on each depth to test the effect of site on concentrations followed by a post hoc Dunnett's test (p00.05). The most contaminated sites included the Charles A. Bell School (CBS), the TP, which was the location of a coke production facility thought to be the main source of PAHs, Ben Miller Park (BMP), on Dobb's Branch at the HWY 24 intersection before confluence with Chattanooga Creek (DB24), Clifton Hills Elementary (CHE), and both upstream and downstream of TP (TPU and TPD).
Contamination in South Chattanooga Relative to Other Studies
The reference site concentrations (ΣPAHs mean 0 1.1 mg kg −1 ; range 0 0.5-1.4 mg kg −1 ) are characteristic of background levels. Menzie et al. (1992) reviewed several studies and found the range of PAH concentrations in rural areas to be 0.01 to 1.01 mg kg −1 . Three sample sites in South Chattanooga were also in the background range for PAHs. These sites were Clifton Hills (CH), the Piney Woods Elementary School surrounding woodlot (PW), and the Piney Woods Elementary School Playground (PWP). For a frame of reference, South Chattanooga ΣPAH and B[a]P concentrations were compared to other residential soils. Krauss and Wilcke (2003) measured ΣPAHs concentrations across different land uses in Bayreuth, Germany. Industrial sites, which included a former gas work site, three railroad areas, and a Sites with a sample size of eight indicates the site was sampled during events I and II, whereas a site with a sample size of 18 was sampled during all three events ; however, the mean for CBS was twice the highest ∑TEF measured in that study. Several of the ∑TEF values in South Chattanooga are elevated relative to other cities. In a study by Saltiene et al. (2002) , ∑TEFs were measured in soils assumed to be unaffected by industry from five different cities. In that study, the ∑TEF geometric mean values of samples collected in Chicago (USA; n04) and London (England; n 03) were approximately 2.3 and PAH ( (Table 3) when the industrial site, TP, was excluded. The geometric mean in South Chattanooga is comparable to the geometric means of other cities; however, the upper range values are considerably higher for the ∑TEFs in the soils from the present study. One consideration when applying TEFs is that risk may be overestimated (Nisbet and LaGoy 1992) . For example, the TEFs are based on oral exposure. If no oral exposure occurs, the risk is largely eliminated (unless inhalation or dermal exposure occurs). In addition, there are infinite combinations of PAHs within environmental mixtures and their interactions are not well understood. Bioavailability, competition for binding sites, and metabolism may also vary depending on the PAHs and their amounts present in the different mixtures (Nisbet and LaGoy 1992) .
Possible Contamination Source
The locations of the highest contamination are generally found within the 100-year floodplain of Chattanooga Creek (Fig. 1) . Of the 10 sites located in the 100-year floodplain, eight sites were significantly greater than the reference site. Similarly, of the 11 sites not located in the 100-year floodplain, only one (Ben Miller Park) was significantly greater than the reference site. The Scheffé's test compared ∑PAH concentrations in the surface layer at the 100-year floodplain sites and the non-100-year floodplain sites. There was a significant difference (p≪0.05) between the groups (with floodplain sites having the higher ∑PAH concentrations), indicating a positive relationship between contamination and flooding. Additionally, the contamination tended to be greater in the surface soils. This suggests that the input of PAHs is still occurring, providing further evidence that contamination can result from flooding. However, given that the nonfloodplain concentrations were higher than the reference site (which is up-wind) and several other cities (discussed above), some PAH contamination must also be from atmospheric drift/deposition.
In order to address the potential risk of human exposure to relatively high concentrations of ∑PAH and B[a]P, we quantified the probability that South Chattanoogans would encounter ∑PAH or B[a]P on public property across South Chattanooga exceeding USEPA Region IX residential PRGs (Figs. 2 and 3) . The principle of the probabilistic approach is based on the premise that many parameters and measures are distributed in a consistent manner (following a normal or Probability of encountering mean ∑PAHs (16 USEPA priority pollutants) exceeding USEPA residential preliminary remediation goal (PRG). The PRG is 70.0 mg kg −1 for ∑PAHs (indicated by an X mark). The mean value detected at reference sites is indicated by an empty circle. There is ≈15 % probability that residents will encounter a site in South Chattanooga with ∑PAHs exceeding USEPA residential PRGs similar distribution) and that, from these distributions, it is possible to assign probabilities to a range of values (i.e., the likelihood that a measure will exceed a certain value; Bunce et al. 2000) . This applies to concentrations of substances in the environment that are frequently log-normally distributed. Herein, the same premise was used to estimate the probability that a person living in South Chattanooga will be exposed to soil that exceeds USEPA recommended safe limits (PRGs) for ∑PAH or B[a]P exposure. Thus, the probabilistic approach not only determines if there is a risk, but the probability of exceeding a risk threshold. This is in contrast to traditional deterministic risk assessment, which produces a binary (yes or no) answer to risk estimation. Although deterministic risk assessment is more common, the USEPA recommends using probabilistic risk assessments (USEPA 1999) .
To graph the probabilistic estimate, all mean 0-10 cm B[a]P or ∑PAH concentrations were ranked from lowest to highest (e.g., CBS is highest and PW is lowest on Fig. 3 ), converted to centiles (similar to the way that standardized testing scores are reported), and graphed against the corresponding B[a]P or ∑PAH concentration. The 0-10-cm values were used because data were available from all 20 sites (event I), rather than just 10 sites (events II and III) from the 10-20-cm values. Additionally, people would be most likely to contact the PAHs in the 0-10-cm soil core. The higher centile sites (those most contaminated) are represented at the top right-hand corner of Figs. 2 and 3. The probability of humans encountering those higher centile sites would be the lowest. To determine the probability that someone would encounter a site in South Chattanooga with concentrations above USEPA guidelines, the PRG for B[a ]P or ∑ PA H w a s superimposed on Figs. 2 and 3 , respectively. The percentile of sites above that PRG represents the probability of encounter.
As presented herein, the majority of locations in South Chattanooga exceed the USEPA IX residential B[a]P PRG. Indeed, based on that guideline, our data indicate that there is approximately an 88 % probability that a site in South Chattanooga exceeds the residential B[a]P PRG (Fig. 2) . However, the probability of encountering a site with ∑PAHs exceeding USEPA PRG guidelines is approximately 15 % (Fig. 3) . Again, our approach estimates the probability that people will encounter a site containing B[a]P or ∑PAH concentrations above USEPA recommendations. As noted, although PRGs are not regulatory, they are useful for determining the potential for risk (Hensley et al. 2007; Weinstein et al. 2010 ). Thus, residential soils exceeding the PRGs may pose exposure risks to humans.
Conclusions
Concentrations of ΣPAHs and B[a]P are heterogeneous throughout the South Chattanooga floodplain and contamination tends to be higher in the surface (0-10 cm) soils though it exists at lower depths (10-20 cm). The more contaminated areas are closely associated with the Chattanooga Creek floodplain. Of the 10 sites significantly greater than the reference site, eight are located in the 100-year floodplain. Similarly, of the 10 sites not significantly greater than the reference site, only one was located in the floodplain. As a group, the floodplain sites are significantly greater than the non-floodplain sites. The present study indicates that South Chattanooga PAH soil concentrations are relatively higher when compared with studies from other metropolitan areas. There is a high probability (88 %) of encountering soil in South Chattanooga that exceeds the USEPA residential PRG for B[a]P. There is a low probability (15 %) of encountering a site with ∑PAHs exceeding USEPA PRG guidelines.
